Type-1 diabetic patients experience hyperketonemia caused by an increase in fatty acid metabolism. Thus, the aim of this study was to measure the effect of ketone bodies as suppressors of oxidizing species produced by stimulated neutrophils. Both acetoacetate and 3-hydroxybutyrate have suppressive effect on the respiratory burst measured by luminol-enhanced chemiluminescence. Through measurements of hypochlorous acid production, using neutrophils or the myeloperoxidase/H 2 O 2 /Cl ؊ system, it was found that acetoacetate but not 3-hydroxybutyrate is able to inhibit the generation of this antimicrobial oxidant. The superoxide anion scavenging properties were confirmed by ferricytochrome C reduction and lucigenin-enhanced chemiluminescence assays. However, ketone bodies did not alter the rate of oxygen uptake by stimulated neutrophils, measured with an oxygen electrode. A strong inhibition of the expression of the cytokine IL-8 by cultured neutrophils was also observed; this is discussed with reference to the antioxidant-like property of acetoacetate.
Diabetes mellitus is a syndrome characterized by abnormal insulin secretion and derangement of carbohydrate and lipid metabolism; it is diagnosed by the presence of hyperglycemia. 1) In addition, type-1 diabetes patients frequently experience hyperketonemia caused by an increased fatty acid metabolism.
2) The blood concentration of ketone bodies may reach 10 mmol/l in patients with severe ketosis, compared with less than 0.5 mmol/l to normal individuals. 2, 3) Diabetic patients with frequent episodes of ketosis also experience increased incidences of vascular diseases and the correlation of these with oxidative stress is widely accepted. [2] [3] [4] In this regard, it was demonstrated recently the involvement of ketone bodies as new factor involved in oxidative stress since acetoacetate (AcAc) can promote lipid peroxidation in human endothelial cells via the generation of oxygen radicals and also lower the level of glutathione and increase peroxidation in human erythrocytes. 5, 6) These deleterious properties of ketone bodies and particularly of AcAc are readily correlated with their ability to be oxidized. This chemical property prompts interaction with reactive oxygen species produced at sites of inflammation and, as a consequence, promotes their suppression or the generation of new deleterious compound. In fact, abnormally high levels of AcAc inhibit luminol-enhanced neutrophil chemiluminescence when these cells are stimulated, and this may have a direct effect in the microbial function of these cells. 7) On the other hand, the generation of a carbon-centered radical was demonstrated when myeloperoxidase-catalyzed peroxidation of AcAc proceeds in the presence of the piperidinooxy free radical, which could lead to a pro-oxidant activity. 8) The role of the neutrophil enzyme myeloperoxidase (MPO) as a promoter of oxidative damage, via the generation of hypochlorous acid (HOCl) is well known. This powerful oxidant agent reacts with unsaturated fatty acids or cholesterol generating chlorohydrins, leading to increased cellmembrane permeability. It promotes the oxidation of proteins through the chlorination of tyrosine and tryptophan residues leading to protein dysfunction. It also mediates the production of carbonyls groups on proteins via the breakdown of chloramines.
9-13) Hence, substances able to react with HOCl might inhibit these processes, but, on the other hand, they could lead to generation of new oxidant species with unknown deleterious properties. Ketone bodies with their oxidant-scavenging properties are liable to develop both of these effects, particularly in diabetic patients that suffer from ketosis during all their whole life. In this paper we described the effect of ketone bodies on the production of reactive species and particularly hypochlorous acid. It is demonstrated that AcAc but not 3-hydroxubutyrate (3-HOB) is able to inhibit the production of HOCl by activated neutrophils and this effect is linked to direct competition with the MPO endogenous substrate chloride anion. In addition, the suppression of the pro-inflammatory cytokine IL-8 production when neutrophils were incubated with ketone bodies points to the still incompletely known effects of ketosis upon the inflammatory process.
MATERIALS AND METHODS

Chemicals
Hydrogen peroxide 30% (w/w) was purchased from Peroxidos do Brazil (SP, Brazil). Myeloperoxidase (MPO) (E.C. 1.11.1.7), phorfol-12-myristate-13-acetate (PMA), superoxide dismutase (SOD) (E.C. 1.15.1.1), zymosan, Luminol, lucigenin, 3,3Ј,5,5Ј-tetramethylbenzidine (TMB), acetoacetate lithium salt, 3-hydroxybutyrate and Ficoll-Hypaque 1077 and 1113 were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). All the reagents used for buffer preparation were of analytical grade.
Solutions Hydrogen peroxide was prepared by diluting a 30% stock solution and its concentration was calculated from its absorption at 240 nm (eϭ43.6 mol Ϫ1 l cm Ϫ1 ). 14) Hypochlorous acid was prepared by diluting a concentrated commercial bleach solution and calculating its concentration from its absorption at 292 nm (eϭ350 mol Ϫ1 l cm Ϫ1 ). 15) The ketone bodies, luminol and lucigenin solutions were prepared by dissolving them in water. MPO stock solution was prepared by dissolving the lyophilized protein in water and its activity measured using the TMB substrate. PMA stock solution was prepared by dissolving it in DMSO. Opsonized zymosan was prepared as described.
Isolation of Human Neutrophils
The study was approved by the University of the State of São Paulo Ethics Committee and the healthy donors gave written informed consent. Neutrophils were isolated from blood of healthy donors by Ficoll-Hypaque centrifugation. 17) After isolation, neutrophils were resuspended in 10 mmol/l PBS-D (Dulbecco's buffer).
Chemiluminescent Assay for Cell System Neutrophils (1ϫ10 6 cells/ml) were pre-incubated at 37°C in PBS-D with 10 mmol/l luminol or 10 mmol/l lucigenin and various concentrations of AcAc or 3-HOB for 1 min. The reaction was started by adding 1 mg/ml opsonized zymosan. The chemiluminescence was measured for 30 min.
Chemiluminescent assay for enzyme system: MPO (100 mU/ml) was pre-incubated at 37°C in PBS-D with 10 mmol/l luminol and various concentration of AcAc by 1 min. The reaction was started by adding 20 mmol/l H 2 O 2 . The chemiluminescence was measured for 5 min. The reactions were carried out in a BIOOrbit model 1251 luminometer (Turku, Finland).
Determination of Hypochlorous Acid Production by Neutrophils Neutrophils (2ϫ10 6 cells/ml) were pre-incubated at 37°C in PBS-D with 5 mmol/l taurine and various concentrations of AcAc for 10 min. Cells were stimulated by adding 100 ng/ml PMA. After 30 min the reaction was stopped by adding 20 mg/ml catalase. The neutrophils were pelleted by centrifugation and the supernatant put on ice. Formation of hypochlorous acid was measured by assaying accumulated taurine chloramine.
Determination of Hypochlorous Acid Production by MPO/H 2 O 2 /Cl
؊
The MPO (25 mU/ml) and various concentrations of AcAc were incubated in PBS-D with 5 mmol/l taurine. The reaction was started by addition 50 mM hydrogen peroxide. After 30 min the reaction was stopped by adding catalase (20 mg/ml). Formation of hypochlorous acid was measured by assaying accumulated taurine chloramine (see below).
Hypochlorous Acid Assay The accumulated taurine chloramine was assayed by adding 400 ml of neutrophil supernatant or 400 ml of MPO reaction system to 100 ml of a solution containing 10 mmol/l TMB dissolved in 50% dimethylformamide, 100 mmol/l potassium iodide and 400 mmol/l acetic acid. Under this condition taurine chloramine oxidizes TMB to a blue product with an absorbance maximum at 655 nm (Kettle et al. submitted) . A standard curve was generated by adding pure HOCl to PBS-D containing taurine. The absorbance measurements were made in a HI-TACHI U-3000 spectrophotometer.
Measurements of Superoxide Production by Stimulated Neutrophils Superoxide was measured via SOD-inhibitable reduction of ferricytochrome C. Neutrophils (2ϫ10 6 cells/ml) were pre-incubated for 10 min at 37°C in PBS-D plus 20 mg/ml catalase and 100 mmol/l ferricytochrome C. Cells were stimulated by adding 100 ng/ml PMA and the change in absorbance at 550 nm was measured over the first minutes of the reaction.
Consumption of Oxygen by Activated Neutrophils Neutrophils (2ϫ10 6 cells/ml) were incubated at 37°C in PBS-D with or without 10 mmol/l AcAc. The oxygen monitor was set to 100% and the reaction started by adding 100 ng/ml PMA. The reactions were carried out in an oxygen monitor, Yellow Spring 5300 (YSI, U.S.A.).
Myeloperoxidase Activity The enzyme activity was assayed by adding MPO to 50 mmol/l phosphate buffer pH 5.4 with 1 mmol/l TMB (dissolved in dimethylformamide) and various AcAc concentrations at 25°C. The reaction was started by adding 50 mmol/l H 2 O 2 . The change in absorbance at 650 nm was measure over the first minutes and the activity calculated as the rate of consumption of H 2 O 2 .
Cytokine Assay Neutrophils (2ϫ10 6 cells/ml) suspended in Dulbecco's buffer were cultured at 37°C and 5% CO 2 alone or with AcAc. After 24 h the supernatant was collected and the ELISA assay performed (Quantikine, R&D System, Minneapolis, MN, U.S.A.).
18)
Statistical Analysis Average values were expressed as the mean and standard deviation, and Student's t-test used to examine differences between the control and tests (pϽ0.05).
RESULTS
Luminol-enhanced chemiluminescence was used to assay the total reactive oxygen species (ROS) produced by stimulated neutrophil. 19) Typically the reactions had 1ϫ10 6 cells/ml and they were triggered by opsonized zymosan. The chemiluminescence was measured for 30 min and the integrated signal taken as analytical parameter. The addition of either AcAc or 3-HOB caused the chemiluminescence to be suppressed in a concentration dependent manner. However, the effect was significantly stronger when AcAc was used (Fig. 1) . The luminol chemiluminescence that occurs when neutrophils are stimulated is not specific, since it may be the result of MPO catalyzed luminol oxidation or it could be generated by the reaction between luminol and HOCl produced in the medium. 20) Therefore, some assays were performed using purified MPO, hydrogen peroxide and chloride to find out the effect on the production of HOCl. The results in Fig.  2 show that AcAc is able to suppress the production of this oxidant specie, whereas with 3-HOB the effect was not significant. On the other hand, using this assay we can not specify if ketone bodies are reacting or inhibiting the generation of HOCl. Hence, to improve our knowledge on the role of AcAc in the inhibition of HOCl generate via MPO catalysis, a quantitative and specific assay was performed by measuring the competition between AcAc and taurine for HOCl. Taurine reacts very fast with HOCl, so the competitive inhibition of this reaction gives a good idea of the reactivity of any other substrate with HOCl. 21) Firstly, pure HOCl (10 mmol/l) was added to the PBS buffer with taurine 5 mmol/l and AcAc 10 mmol/l. The formed taurine chloramine formed was revealed by the TMB assay (Kettle et al. submitted). The inhibition of the formation of taurine chloramine was only 13Ϯ2% (average of 3 experiments). The formed taurine chloramine did not react with AcAc (not shown).
Next, the MPO system was used to generate HOCl with taurine and AcAc present in the PBS buffer. The reaction was triggered by H 2 O 2 and stopped after 30 min by the addition of catalase and revealed by TMB assay. The data in (Fig. 3A) show about 80% inhibition of HOCl when 10 mmol/l AcAc was added to the reaction medium. This is evidence that in these experimental conditions the direct reaction between AcAc and HOCl is not responsible for the total suppressive effect detected here. In a further step, neutrophils activated by PMA were used for HOCl generation and again a clear inhibition was detected (Fig. 3B) . The inhibition of the MPO activity was additionally confirmed through measurement of the peroxidase activity. A concentration of 10 mmol/l AcAc caused an inhibition of about 50% (Table 1) .
Ketone bodies have also been described as scavengers of superoxide anion. 21) To detect this effect, the lucigenin chemiluminescence assay was performed, as it is supposed to be linked to anion superoxide generated during the respiratory burst. 19, 20) The results in (Fig. 4) show that AcAc in high concentration, but not 3-HOB, is a scavenger of superoxide anion in this experimental model. The spectrophotometric ferricytochrome C assay confirmed the lucigenin experiment ( Table 2 ). The effect of AcAc is not related to the generation of superoxide anion, since the oxygen uptake when neutrophils are stimulated by PMA was not affected by addition of AcAc (Fig. 5) .
The antioxidant-like effect of AcAc upon the reactive species generated by stimulated neutrophils leads to consider whether it could have an effect on the expression of inflammatory mediators by these cells. The expression of the cytokine IL-8 by cultured neutrophils stimulated by PMA was measured to test this hypothesis. A clear suppressive effect can be observed in Table 3 .
DISCUSSION
It is well established that ketone bodies suppress the generation of reactive species when neutrophils are exposed to stimuli like opsonized particles, microorganisms or the soluble protein kinase C activator, PMA. Usually these studies involve luminol chemiluminescence techniques to measure the total and non-specific generation of reactive species. The observed decrease in the light signal when AcAc or 3-HOB are added to the reaction medium is explained by the scavenging of oxidant species by these metabolites. 7, 22) An inspection of the chemical structures of AcAc and 3-HOB leads to the conclusion that the latter should be less susceptible to oxidation, since the target group in this molecule (alcohol) is not usually oxidized by reactive species generated during the respiratory burst and neither are alcohol groups substrates of peroxidases. In this work we confirmed this hypothesis, finding that 3-HOB is a weaker scavenger than AcAc. On the other hand, as would be expected of a 1,3-dicarbonyl compound whose oxidizable enol tautomer is in equilibrium with the keto form, 23) AcAc shows an unquestionable reactive species suppressor property.
In our opinion the remaining question is: what reactive species generated in the phagocyte is really reacting with AcAc? Using a quantitative and more specific assay to measure the production of HOCl, we have approached this question. The specificity of the taurine/TMB assay is based on the ability of HOCl reacts with taurine forming taurine chloramine. The high concentration of taurine (5 mmol/l) and the high rate constant to the reaction between this compound and HOCl ((4.8Ϯ0.1)ϫ10 5 mol Ϫ1 l s
Ϫ1
) ensure that taurine will be the main target for the HOCl formed in the enzymatic or cell system when using this assay. 24) In these experimental conditions the addition of a test substrate can affect the production of taurine chloramine in three different ways: i) competing with the taurine for HOCl; ii) reacting with taurine chloramine; iii) competing with the chloride anion by compound-I of MPO. Although our controls showed that AcAc is really able to react directly with pure HOCl, this does not seem to be the only reaction, since AcAc can not compete efficiently with taurine. Thus, our results point to real competition between the chloride anion and AcAc for the catalytic site of MPO, which, as a consequence, inhibits the formation of HOCl. To verify if AcAc could be a good substrate to MPO, it was studied its inhibitory properties using a classical substrate of peroxidases, the TMB assay. The rate constants of reaction between AcAc and the active forms of MPO known as compound-I and II have not been determined yet. However, considering the values of k 1 ((3.6Ϯ0.1)ϫ 10 6 mol Ϫ1 l s
) and k 2 ((9.4Ϯ0.6)ϫ10 5 mol Ϫ1 l s Ϫ1 ) for the reaction between TMB and compounds I and II of MPO respectively, 25) the inhibition obtained in the presence of AcAc is evidence that it can be a good substrate for this enzyme. The antioxidant property of AcAc and particularly its inhibiting of HOCl production could have a strong influence on the antimicrobial activity of the neutrophil. Indeed, a mechanism was recently proposed for virulence of Candida albicans based upon its ability to produce high levels of pyruvate, potentially resulting in localized tissue ketosis and undermining the normal defensive function of neutrophil MPO. 26) Here we have confirmed previous results that pointed to a scavenging action by AcAc on superoxide anions generated by neutrophil. 22) More recently, the demonstration of the auto-oxidation of AcAc, leading to the production of superoxide, raised the number of reactions known to be mediated by this ketone body which may have consequences for the redox balance of hyperketonemia-suffering subjects. 5, 6) Hence, our own and previous results indicate that AcAc is able both to scavenge and to generate superoxide. This is not completely surprising, considering the low reduction potential of superoxide anion which enables it to be easily oxidized and reduced. Moreover, our results indicated that AcAc cannot inhibit the multi-enzyme complex NADPH-oxidase and consequently does not affect the production of superoxide anion, but only reacts with it.
Although we did not perform an ESR experiment, our results are in agreement with previous ESR results, 8) since the efficiency with which AcAc competes with the chloride anion is also a strong indication that a reactive carbon-centered radical of AcAc can really be expected in this experimental model and is also a possible reactive species formed in vivo by type-1 diabetic patients suffering from inflammatory diseases. Besides this, the posterior products of radical reaction such as an intermediate hydroperoxide or the final product methylglyoxal could have deleterious effects on the inflammatory site by promoting lipid peroxidation and protein dysfunction. Indeed, AcAc has been shown to promote of lipid peroxidation in erythrocytes and increase the lipid peroxidation in human endothelial cells via a superoxide anion mediated reaction. 5, 6) Moreover, using a model of inflammation (peritonitis) with MPO knockout mice, it was demonstrated that this enzyme could be the responsible for initiation of lipid peroxidation at sites of inflammation. 27) Endogenous oxidizing species such as H 2 O 2 and HOCl play an important role in the pathophysiology of inflammatory disease, not only as terminal effectors, but also as secondary messengers in signal transduction. HOCl induced tumor necrosis factor-alpha production in peripheral blood mononuclear cells in a tyrosine kinase-dependent manner. 28) H 2 O 2 increases expression of mRNA of various chemokines and macrophage-inflammatory proteins. 29) In this connection, antioxidants have been tested as suppressors or promoters of cytokine expression in cell systems. For example, N-acetylcysteine, decreased the TNF-a induced expression of intercellular adhesion molecule-1 on cultured epithelial cells from human bronchi, and inhibited IL-8 production by those cells. 30) This may represent a parallel to the action of AcAc since it was an inhibitor of liberation of IL-8 by neutrophil. This inhibition is one more indication of the harmful role played by ketone bodies with direct consequences in diabetic patients.
In conclusion, our results suggest an efficient mechanism by which radical species and/or organic peroxide could be formed during an inflammatory condition, which are really frequent in diabetic patients. Considering also the generation of superoxide anion via the endothelial NADPH-oxidase system and the presence of MPO in the endothelium, secreted by activated neutrophils, the oxidation of AcAc gains importance and may mediate the diabetes vascular complications more than we currently suppose.
